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 pH, potential, and concentration dependence of ad-/desorption processes on copper  
 Behavior of low-index copper facets in deep geological ground-water environments 
 Atomic-scale resolution through a mixed modelling (DFT) and experimental protocol 
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Using a combination of a sophisticated modelling protocol and well-established 
electrochemical techniques, we unravel the chemical composition of the low-index surfaces 
of copper in groundwater environments at different ion concentrations, pHs, and redox 
potentials. By carefully linking density functional theory (DFT) and cyclic voltammetry 
(CV), we are able to extract fundamental information on interfaces of broad significance. 
Herein, we focus on the case of groundwater found in deep geological environments of 
importance to the planned constructions of disposal repositories for spent nuclear fuel around 
the world. Within the error margins of DFT, we can assign adsorption structures and 
compositions to the current peaks of the CVs. It is found that among the groundwater ions of 





strongest to the surface, and are likely to dominate at the interfaces under the deep geological 
conditions relevant for repositories of spent nuclear fuel.  
 
Keywords: Copper corrosion; DFT modelling; Cyclic voltammetry; Single-crystal surface; 
Ionic adsorption/desorption  
         




The electrified interface between the surface of an electrode and the liquid environment is 
central in many fields of science, including corrosion science, electrocatalysis, and 
nanochemistry.[1–3] The nanoscale structure and composition at the interface largely control 
the behavior of the material. Gaining access to atomically resolved information is thus often 
essential to properly understand and predict a material’s properties. We have recently 
described a procedure built on joint experimental (cyclic voltammetry - CV) and theoretical 
(density functional theory - DFT) methods to provide detailed atomistic information on the 
electrochemical interface as a function of the local electrochemical environment.[4–6] The 
latter includes the effects of pH, redox potential (U), and the concentration of dissolved 
species. Here, we apply this procedure to obtain pH-, potential-, and concentration-resolved 
information on the atomic-scale nature of low-index copper surfaces in deep groundwater 
environments. By studying well-defined model surfaces experimentally and computationally, 
we are able to obtain a firm understanding of adsorbate interactions on copper that will serve 
as the basis for further studies of more complex and (arguably) more realistic systems. Our 
investigation is of relevance to numerous applications of copper, including plumbing, 
construction engineering, electronics, preservation of historical artifacts, and catalysis.[7–9] 
Of particular relevance is the application of copper as encapsulating material for disposal 
of spent nuclear fuel in deep geological repositories. This approach is considered by 
numerous waste management programs worldwide, including, e.g., the programs of Sweden, 
Canada, Taiwan and Finland.[10–13] A copper canister will act as one of several barriers to 
prevent the radioactive material from coming into contact with the biosphere. Historically, 
several materials have been considered for the encapsulation, e.g., carbon steel and stainless 
steel, titanium, Al2O3, and Cu-Ni alloys. Some of these materials are still under consideration 
in other repository programs. In general, the adequacy of an encapsulation material depends 
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in a complicated way on several parameters, e.g., the type of nuclear fuel, its degree of 
burnup, as well as the hydrogeology and geochemistry of the repository site. In the Swedish 
program, copper is chosen as canister material based on, among other properties, its corrosion 
behavior in comparison to other alternatives.[14] The other barriers, with assessed 
functionality of preventing and/or retarding the release of radionuclides, are the surrounding 
bedrock and a compacted bentonite clay buffer. Internal metallic structures of the copper 
canister, e.g., the zircalloy cladding of the fuel, and the load bearing cast iron insert, may also 
act as barriers to radionuclide release, as will the slow dissolution of the uranium oxide fuel 
itself, although the disposal systems are not designed to rely on the functionalities of these 
barriers. The radiation dose to humans and other organisms in the biosphere surface must 
remain below the level (or risk criterion) stipulated by national regulators (e.g., The Swedish 
Radiation Safety Authority, SSM), which are guided by international recommendations from 
institutions such as the International Atomic Energy Agency (IAEA). To fulfill such 
requirements, it is necessary that the outer canister material has sufficient resistance towards 
corrosive degradation by the local chemical environment that is in contact with the waste 
canister, which is essentially deep groundwater conditioned by bentonite clay. What is 
sufficient in terms of corrosion resistance depends on the performance of other barriers, as 
well as the geochemistry (e.g., concentration of sulfide) and hydraulic conductivity 
(groundwater flow) of the chosen site. The situation is complicated by the fact that the 
conditions vary over time (the typical assessment period for a repository is 10
5
 years), but 
also between canister deposition positions within the repository.[11] In addition, the different 
repository sites around the world can have dissimilar preconditions. Altogether, this puts high 
demands on the flexibility of a model designed to predict the behavior and safety of the waste 
repositories.  
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For a comprehensive understanding of the behavior of copper in deep groundwater, 
copper as well as its corrosion products should be considered. In our previous work, we have 
addressed the aqueous interfaces of the Cu2S corrosion product,[6] whereas future studies 
should investigate the interfaces of Cu2O. The present work focuses on metallic copper, with 
extrapolation into conditions where copper is known to oxidize but where metallic copper can 
be exposed in e.g. pore bottoms. The ambition of the present work is to investigate the 
atomic-scale response of the (100), (110), and (111) low-index surface facets of copper as the 
aqueous chemical environment is varied. This will be used as a basis to discuss the behavior 
of copper in groundwater environments. In particular, we here address, besides pH and 




) and sulfate (   
  ) anions. 
These are relevant species in numerous applications of copper. They are also present in the 
groundwater of Swedish, Finnish, and Canadian nuclear waste disposal sites, and are known 
to influence the corrosion behavior of copper. Other common groundwater species that are of 
interest in this respect are chloride (Cl
-
) and bicarbonate (HCO3
-
). The latter two were 
included in our previous work,[5] and we reanalyze the data to discuss the role of these 
anions in connection to the present work and the relation to deep geological groundwater 
environments. By building knowledge bottom up, and by ultimately including a large 
ensemble of surface facets, we can form the basis for a real, in-depth understanding of the 




The electrochemical characterization of Cu single-crystal electrodes is described below. 
Cyclic voltammetries (CVs) of the Cu surfaces were performed at 50 mV/s in Ar‐ saturated 
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(Air Liquide, N50) solutions containing 0.1 M NaOH (ACS. Reag., Merck), 0.1 M NaOH + 
10
-5 
M Na2S (Na2S·9H2O, 99.99 %, Sigma‐ Aldrich), 0.1M HClO4 + 0.01M KCl (ACS. 
Reag. Merck) and 0.1M K2SO4 (ACS. Reag., Merck). Care was taken to keep the solutions 
oxygen free continuous by bubbling with N2. The electrode potential was controlled by a 
BioLogic 240 potentiostat in a three-electrode configuration, with a gold wire as a counter 
electrode and an Ag/AgCl reference electrode (CH Instruments, Inc.). Electrochemical 
measurements were carried out at room temperature in custom‐ made electrochemical cells. 
Before each measurement, the Cu single-crystal electrodes (MaTecK, 1 cm diameter, 
99.999 %) with (100), (111) and (110) orientations were electropolished at 3 V vs. a Ti foil 
for 10 s in a solution consisting of 130 mL H3PO4 (VWR, 85 wt%), 20 mL H2SO4 (VWR, 95 
wt%) and 60 mL ultrapure water (Elga, 18.2 MΩ cm). The electrodes were subsequently 
copiously rinsed with ultrapure water and rapidly transferred into the electrochemical cell, 
where CVs were recorded in a hanging meniscus configuration. This preparation protocol 
minimizes the amount of remaining surface oxides. However, although the Cu samples were 
always inserted into the solution at a controlled potential of -0.2 VRHE at which Cu is 
expected to be reduced, trace amounts of oxide may still remain.[15] Previous investigations 
have shown that the voltammetric responses of single-crystal surfaces prepared by the herein 
employed electropolishing method closely match the responses of UHV-prepared 
samples,[16] and our results fit well with previously published results.[16–18] Routine XRD 
and XPS of our samples further confirm the proper orientation and that the surfaces are free 
of contamination. Additional information about the experimental methods are given in the 
supporting information.  
 
2.2.  COMPUTATIONAL  
         
8 of 33 
 
 
The computational details and theoretical framework are the same as described in our recent 
paper.[6] In brief, the procedure consists of computing the energies of a range of interface 
states consisting of different facets (100, 110, 111), and different adsorbates (H2O, OH, O, H, 
H2S, HS, S, SO4, Cl) in aqueous environment with a varying degree of coverage and 
deprotonation. For this, we use DFT at the PBE+D3(BJ) level of theory[19–21] and the 
VASP program suit throughout.[22] For each state, the low-energy structure on a periodic 
six-layers-thick slab model with three additional layers of explicit water solvent molecules is 
first identified by starting from initial structures of varied orientation and adsorption 
positions. Thereafter, a range of different interface structures with varied water orientation is 
sampled dynamically with ab initio molecular dynamics (AIMD). Every structure gives rise 
to a different work function (WF) and free energy (G=EDFT+ZPE). Here G includes the DFT 
energy, EDFT, and the zero-point energy (ZPE) obtained from vibrational analysis (as 
described in reference [23]) of the low-energy structures. The WF is defined as 
WF = Vv - EF/e          (1) 
where VV is the electrostatic potential in vacuum in close proximity to the surface (here taken 
as the potential of the vacuum space in between the periodic slabs using dipole 
corrections[24]) while EF and e are the Fermi energy and elementary charge, respectively. 
The obtained WF and G are related to the potential (U) and pH of the system by the use of two 
references: the computational hydrogen electrode[25] and the experimental value[26] of the 
work function of the standard hydrogen electrode (WF,SHE = 4.4 eV). Through the outlined 
procedure we can express the free energy for the interfacial system, G
int
, via the so-called 
generalized computational hydrogen electrode (GCHE)[27] by 
𝐺   = 𝐺(∆𝑛) − 𝐺   
   (∆𝑛 = 0) − ∆𝑛 ∙ (
   
 
 
− 𝑒𝑈   )     (2) 
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Here Δn=n-n0, where n is the number of protons in the studied state and n0 the number of 
protons in the pure water-copper reference state with energy 𝐺   
   . Hence Δn reflects the 
protonation/deprotonation of the system. In the reference state, n0 is taken as the number of H 
in the water layer bonded to the surface, i.e. 2m with m being the number of surface 
adsorption sites, which is chosen as the number of available adsorption sites for water on 
each surfaces. For the slab models, a 2×3 surface supercell was used for the (100), (110), and 
(111) facets, leading to m = 6, 8, and 6, respectively. The standard chemical potential of H2, 
   
 , is treated similarly as the other adsorbates (vide infra) with free-energy corrections taken 
from the NIST-JANAF tables.[28] The potential of the reversible hydrogen electrode (URHE), 
and standard hydrogen electrode (USHE), are related through 
𝑒𝑈   = 𝑒𝑈              =   −                     (3) 
where T is the temperature (298.15 K) and kB the Boltzmann constant. Adsorbates other than 
H2O are included by relating the energies to the respective gas-phase molecules. For the 
sulfide species, H2S(g) is used; for sulfate SO3(g), and H2O(g); and for HCl, HCl(g). The 
variations in H coverage are related to H2(g). The total interface energy for the adsorbate 
system, 𝐺   
   , is evaluated by 
𝐺   
   =
𝐺    − ∆𝑛        − ∆𝑛       − ∆𝑛      
⏞                 
   
− ∆𝑛       ⏞    
   
 − ∆𝑛   ∙ (         )
⏞           
   
  
 
         (4)  
Where 𝐺     is evaluated by eqn. 3. The chemical potential   
  of the adsorbate reference 
molecules is composed of  
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  ( ) =             ∆  
 (     )       𝑛 (
      
  
)    (5) 
for which all corrections to the standard state of 1 bar and 298.15 K are taken from the NIST-
JANAF tables.[28] To correct to arbitrary concentrations, we use Henry’s law to link the gas 
phase pressure to the given concentration using constants, KH,i, obtained from the NIST-
JANAF tables.[28] The standard vapor pressure of water at 298.15 K is used as partial 
pressure of H2O. The final energies are normalized by the number of exposed copper atoms at 
the surfaces, i.e. 9, 8, and 12 for Cu(100), Cu(110), and Cu(111), respectively. 
In all calculations the valence states were evaluated using a plane-wave basis set with a 
400 eV cut-off, while the core states were represented by standard PAW[29,30] potentials. A 
Γ-centered 4×4×1 k-point mesh was used and the energies and work-functions were 
evaluated using the Methfessel-Paxton[31] approach with a Gaussian width of 0.2 eV. The 
AIMD were run at the same level of theory for 1 ps with a time step of 1 fs, but using only 
the Γ-point and no dipole corrections. The aim of the AIMD is not necessarily to represent 
thermalized water, but rather to provide a range of structures representative of the interface 
with varying workfunction and corresponding energies that can be used to fit the linear 
GCHE equations. To be accurate, we have found the model system has to fulfill a few 
criteria: i) the start-structure must be well optimized (low-energy), and ii) the sampling has to 
be long enough and cannot drift. In this respect, we have previously found that 1 ps is 
sufficient for the sampling given well optimized low-energy interface start structures.[6]  
Simulated current densities, j, were obtained from the DFT-GCHE predicted surface 
charges Q(V), which is a function of the potential-dependent coverage (ϴi) of each state, i, as 
 ( ) =
  ( )
  
=





          (6) 
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 ( ) =
 
 
∙ ∑   ∙    ∙   ∙ 𝑒
 
  ( )
           (7) 
In the above, Z is the partition function,  V/ t is the scan rate (50 mV/s in the current work), 
qi the ionic charge of state i, kB the Boltzmann constant, and T the temperature – assumed to 
be 298.15 K. QML is the charge density of the Cu-facets with a monovalent ion adsorbed on 
all exposed Cu atoms. For fcc Cu, with a lattice constant of 3.615 Å, QML is 245, 347, and 
283 μC cm-2 for Cu(100), Cu(110), and Cu(111), respectively (i.e., elementary charge × 
surface Cu density).  
 
3. RESULTS & DISCUSSION 
Our approach is based on a combination of experimental cyclic voltammetry (CV) and 
periodic DFT calculations employed within the framework of the generalized computational 
hydrogen electrode (GCHE).[27] Details are given in the methods section, and illustrated in 
Figure 1. The experimental CVs are first recorded in 0.1M NaOH solution in order to 
confirm the surface characteristics of the copper (100), (110), and (111) electrodes after the 
electropolishing treatment, and then conducted at low concentrations of sulfur to pin-point 
the adsorption/desorption events of ionic species at these surfaces as the surface potential 
(voltage) is varied. Cyclic voltammetry in alkaline electrolyte can be used as a reliable 
technique to check the preferential surface orientation of Cu single-crystal electrodes, as well 
as for the identification of surface defects.[32] Any adsorption/desorption process giving rise 
to charging/discharging of the interface is tracked by a corresponding current density 
response – a peak – in the voltammograms. From the DFT-GCHE simulations, we obtain 
information on the coverage of adsorbed (charged) species at any given potential. Through 
this approach, we can thus link changes in the preferred surface coverage identified by DFT-
GCHE with the responses in the experimental voltammograms. 
         




3.1.  SULFIDE AND SULFATE ELECTROLYTES  
In our previous studies, we have demonstrated that for the entire pH spectrum – going 
from acidic, to neutral, and alkaline electrolytes, including chloride, carbonate, and sodium 
hydroxide – we are able to link the measured CV features to changes in the modelled 
interfacial composition as a function of the potential.[5] Herein we present extended results 
for new adsorbates of similar accuracy as in our previous work. Our investigation leads to 
good agreement between theory and experiment in almost all studied cases, with an estimated 
error margin of approximately ±0.2 V when comparing measured CV peak positions with 
predicted positions from the DFT-GCHE simulations. This resolution is in the current 
application good enough to assign most of the CV peaks based on the DFT structures. 
Figure 2 and Figure 3 contain measured voltammograms (bottom row) for 50 μM Na2S 
+0.1 M NaOH (pH 13) and 0.1 M K2SO4 (pH 8.7) electrolytes, respectively, on the low-index 
copper surfaces. Included are also simulated CVs (middle row), and the corresponding DFT-
GCHE prevalence diagrams (top row). In these diagrams, the most favorable state – and 
hence the prevailing state – at a given potential (U) is the state of lowest Gibbs free energy. 
We focus on a potential interval ranging from -0.25 to 0.4 VRHE. This roughly corresponds to 
the stability region (including kinetic effects and overpotential) between H2 evolution 
resulting from water splitting at the lower end, and copper oxidation at the higher end. In the 
current work, we have only considered pure adsorption states explicitly, i.e. mixed adsorption 
of, e.g., S* and Cl* or S* and OH* are not included. 
As seen in Figure 2 and 3 (top rows), the Cu surfaces are covered by adsorbed water 
(H2O*) mixed with sulfate (SO4*) or sulfide (S*), depending on the applied electrolyte, over 
most of the considered potential range. The clear exception is Cu(110) for which SO4* is not 
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adsorbed (Figure 3, middle panel) at intermediate potentials due to a favored dissociated 
water phase (0.25ML OH*/H*) on the corrugated Cu(110) surface[33,34]. This is not the 
case on the (100) and (111) facets where the adsorption of dissociated water is much weaker 
(Figure 3, left and right panel).  
We perform a more detailed analysis below. Our analysis goes from low to high 
potentials as the simulated CVs correspond better to the anodic trace (negative to positive 
potential) of the experimental CVs. This is due to asymmetries in the experimental CV peaks 
caused by mass transportation/kinetic effects,[35] in combination with film growth at higher 
potentials. In the anodic direction adsorption/desorption occurs from an (approximately) 
clean surface, whereas this is not necessarily true in the cathodic direction. At the lowest 
considered potentials (below -0.25 VRHE), DFT-GCHE suggest that H* is the 
thermodynamically favored adsorbate in all the studied cases (Figure 2, top row). However, 
H2(g) is more stable (at pressures below and around 1 bar) and H2 generation will occur at 
potentials below 0.0 VRHE. In line with this, a recent study on purely water-covered surfaces 
suggests that if kinetic effects are included in the analysis, the H-coverage will tend towards 
zero.[16] Therefore, the DFT-predicted transition from H* to H2O* or mixed OH*/H* phases 
will not be detectable in the experimental CVs. Thus, we interpret all low-potential peaks 
arising as the potential is increased as being the transition from H2O* to an anion-covered 
surface, thus omitting H* from the analysis.  
 As the potential is increased from -0.25 VRHE in the sulfate or sulfide electrolytes, any 
species (H*, OH*, and/or H2O*) persisting on the surface will eventually be replaced by 
SO4* or S*.
†
 For Cu(110), this transition first passes through a mixed H* and OH* phase 
(Figure 2 and 3, middle panel). The adsorption of SO4* or S* leads to a build-up of negative 
                                                   
† We find that HS* will not be favored on the surfaces. 
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charge (or reduction of positive charge) at the interface. The CV peak corresponding to this 
transition is seen in the experiment for some cases, i.e. for S* on Cu(100) as well as for SO4* 
on Cu(111), see Figure 2 (left panel, bottom row) and Figure 3 (right panel, bottom row). 
For the other cases, the transition appears to be masked in the experimental CVs by the H2-
evolution region and/or occur at potentials lower than those recorded in the CVs.  
For the low-potential region, we draw the following conclusions: In sulfide solutions, the 
peak at -0.12 VRHE in the experimental CV for Cu(100) is attributed to the transition H2O* to 
½ ML S* (Figure 2, left panel, bottom row). Based on the DFT-GCHE results, we believe 
that the ambiguous small peaks around -0.1 VRHE in the experimental CVs for Cu(110) and 
Cu(111) (Figure 2, middle/right panels, bottom row) also correspond to a H2O* to ½ ML S* 
transition, although these peaks are largely masked by the H2 evolution in the experiment. In 
the case of sulfate, the lack of a low-potential peak on Cu(100) in the experiment (Figure 3, 
left panel, bottom row), and the relatively favored interaction predicted by DFT-GCHE, 
suggest that the surface is covered by a 1/3 ML of SO4* already at potentials lower than -0.25 
VRHE. On Cu(111) (Figure 3, right panel, bottom row) the transition from H2O* to 1/3 ML 
SO4* occurs at -0.20 VRHE in the experiments (-0.1 VRHE in DFT-GCHE), whereas on 
Cu(110) (Figure 3, middle panel, bottom row) a favorable mixed OH*/H* phase delays the 
adsorption of SO4* to higher potentials (vide infra). 
For higher potentials, large differences in the influence of sulfate and sulfide on the 
voltammograms (and interface characteristics) are seen. For SO4*, the main part of the 
experimental voltammograms from approximately -0.2 VRHE is flat (i.e. no current and no 
charging/discharging), see Figure 3, bottom rows. This is typically the case up until the onset 
of copper oxide formation, which occurs at around 0.3-0.4 VRHE. In contrast, there are a 
number of broad peaks appearing in the sulfide solutions (Figure 2, bottom rows), as will be 
discussed below. However, before this we note a few points of interest for SO4*. Firstly, the 
         
15 of 33 
 
 
adsorption of    
   obviously suppresses the experimental CV responses in the low to 
intermediate potential range (up to 0.2 VRHE) seen in pure NaOH electrolytes: e.g., the typical 
OH adsorption peak on Cu(110) and, what is often inferred as surface (hydr)oxidation-
induced reconstruction of Cu(111), see Figure 3, bottom row. On the other hand, new distinct 
features not seen in the NaOH electrolytes appears in the K2SO4 electrolytes just before the 
oxidation leading to copper oxide on all the surfaces at potentials around 0.2-0.4 VRHE. We 




, on the CV features is negligible as judged 
by comparison to previously recorded CVs.[5,16,18] The new peaks fit well with the increase 
in SO4* coverage predicted by DFT-GCHE at these potentials in the case of Cu(100) and 
Cu(111), see Figure 3, left/right panels, top row. For Cu(110), DFT-GCHE suggests that the 
new features correspond to the replacement of the mixed H*+OH* surface phase by SO4* 
(Figure 3, middle panel, top row). It is also possible that SO4*, to a certain degree, promotes 
oxide formation, and that the new features in part reflect an earlier onset of the oxidation 
process. 
As mentioned above, the sulfides influences the voltammograms significantly (Figure 2, 
bottom row), and causes broad oxidation peaks starting already at low potentials. This is in 
line with the fact that sulfide is known to corrode copper via 
2Cu + HS
-
 +H2O  Cu2S + OH
-
 + H2(g).       (8) 
with a standard equilibrium potential of -0.89 VSHE for the Cu/Cu2S couple,[36] and typical 
corrosion potentials of -0.7 to -0.4 VSHE (i.e. 0.07 to 0.37 VRHE at pH 13) for μM 
solutions.[36–39] Our results suggest that sulfide-species cover the surface well below the 
standard redox and corrosion potentials: already at -0.3 to -0.2 VRHE, a sub-monolayer ( ML) 
of S* replaces H2O* or H*+OH* (alternatively H*) on all the surfaces according to the DFT-
GCHE data (Figure 2, top row). The broad peaks seen in the experimental CVs starting in 
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this potential range can thus be interpreted as a slow sequential growth of a sub-monolayer 
sulfide film, or alternatively due to the slow kinetics for reorganizing the surfaces to best 
accommodate S*. On all surfaces, a sharper peak arises around 0.1 to 0.2 VRHE in the 
experimental CVs (Figure 2, bottom row). The peak appears earliest for Cu(111), and latest 
for Cu(100). The rise of the peak fits well with the DFT-GCHE picture that indicates the 
formation of a ML of S* (Figure 2, left/right panels, top row). The position of this peak 
coincides with the corrosion potential of copper in sulfide solutions, and with the region of 
Cu2S formation found in other studies.[40–42] Beyond this peak, the experimentally 
observed increased current density (Figure 2, bottom row), starting at around 0.3-0.4 VRHE, 
likely corresponds to continued copper sulfide (Cu2S and CuS) growth, followed by 
(hydr)oxide film growth at somewhat higher potentials.[40–42] See also Figure S1 showing 
CVs recoded for an extended potential range.  
 
3.2.  COMPARISON TO CHLORIDE AND CARBONATE ELECTROLYTES  
We have previously studied the interactions of chloride and carbonate on surfaces of 
copper.[5,6] These ions are both present in typical groundwater environments and are known 
to affect the corrosion behavior (e.g., corrosion morphology) of metals in general, also 
including copper.[43–46] Our analysis has shown that chloride binds strongly to copper 
surfaces and largely affects the experimental CVs. In contrast, carbonate (and bicarbonate) 
interacts rather weakly with the surface. For this reason, carbonate will most likely be 
suppressed at the interface by the other ions present in the groundwater environments (in 
particular bisulfide, sulfate, and chloride), as indicated by our previous investigations.[6] 
Therefore, carbonate will not be considered further in the present work. In contrast, and for 
completeness, we revisit chloride computationally using the same level of theory as for 
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sulfate and sulfide. Therby, we can thus compare these ions on an equal footing. Figure 4 
shows the surface prevalence diagrams (top row) and simulated CVs (middle row) for Cl
-
 
solutions compared to the experimental voltammograms in 0.01 M KCl (and 0.1 M HClO4) 
from reference [5] (bottom row).  
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Our data suggest that Cl
-
 and    
   have very similar adsorption behavior. The difference 
is that Cl forms one ML whereas SO4 forms a ⅓ML, leading to a higher net charge of the Cl 
interfaces. Thus, the stability of Cl will increase more steeply with higher potentials. As for 
SO4, the combined information from the experimental CVs and the DFT-GCHE results 
indicates that Cl will cover the surfaces already at potentials below -0.25 VRHE on Cu(100) 
and Cu(111) (Figure 4, left/right panels, top row). Thus, no peaks are seen in the 
voltammograms corresponding to H2O*  Cl* (Figure 4, left/right panels, bottom row). On 
Cu(110), Cl* adsorption is outcompeted at intermediate potentials due to the favorable 
OH*/H* phase (Figure 4, middle panel, top row) – similar to what was found for sulfate on 
Cu(110). The OH*/H* phase is replaced by Cl* at around 0.13 VRHE, which is seen clearly in 
the voltammogram (Figure 4, middle panel, bottom row). This interpretation differs from our 
recent work,[5] in which we did not account for the possibility of forming a mixed OH*+H* 
layer. We can also note that the main copper oxidation peak occurs earlier (at ca. 0.2 VRHE) 
for the chloride solutions than for the other studied solutions. This is indicative of the potency 
of Cl
-
 as corrosion promotor and the thermodynamic fact that Cu bulk corrosion occurs at a 
lower VRHE at acidic pH as compared to neutral and alkaline. Copper corrosion at low pH 
leading to dissolved Cu
2+
(aq) complexes is a pH-independent process, whereas corrosion at 
neutral and alkaline conditions leading to the formation of Cu2O(s) is pH-dependent.[47] 
Therefore, on the pH-dependent VRHE scale, the oxidation peak will (theoretically) occur at 
constant pH at alkaline pH conditions. From pH 6-7, and below, the oxidation peak still 
occurs, but at decreasingly lower potentials.  
 
3.3.  RELATION TO GROUNDWATER ENVIRONMENTS IN DEEP GEOLOGICAL 
REPOSITORIES 
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The above results can be related to the groundwater environments of the planned 
spent nuclear fuel sites around the world. Table 1 summarizes representative concentrations 
for the sulfide, sulfate, chloride, and carbonate groundwater ions in Sweden/Finland and 
Canada.[11,38,48] Whereas Sweden and Finland have decided on the specific site, the 
Canadian program is in the process of choosing between different sites. For Canada, we have 
included the case of a sedimentary rock site that has a notably lower sulfide concentration 
(around 1000 times lower), but higher chloride concentration (ca. 50 times higher) than the 
Swedish and Finnish sites. While the chosen sulfide concentration of 10 µM is representative 
for the Olkiluoto site in Finland, this value is at the high end of the distribution of sulfide 
concentrations measured at the Forsmark site in Sweden.[49] Based on these concentrations 
and the DFT-GCHE data, we can construct interface prevalence diagrams over a range of 
pHs and potentials – i.e. Pourbaix diagrams. These are shown in Figure 5. H* is included in 
these diagrams because the cathodic H2 evolution is expected to be relatively slow under the 
repository conditions, as is the entire copper corrosion process[50] – thus allowing for the 
build-up of H* at the interfaces. The reader should note that the diagram extrapolates into 
condition regimes where metallic copper is expected to be oxidized to copper (hydr)oxides or 
sulfides. However, these surface phases are not accounted for in Figure 5, in order to 
highlight the interfacial composition for metallic copper (momentarily) exposed in, e.g., pore 
bottoms or cracks.  
To use the Pourbaix diagrams of Figure 5, we need to know the relevant pH and potential 
ranges. When initially entrapped O2 in the bentonite clay has been depleted by copper 
corrosion and other processes, and the sulfidic groundwater has had time to diffuse through 
the clay barrier, the potential at the copper surface in the groundwater is expected to be 
dictated by sulfide-induced corrosion of eqn. (8) that can be divided into its half-cell 
reactions:[50] 
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 → Cu2S(s) + H2O + 2e
–
    (9) 
Cathode:  2H2O + 2e
–
 → H2 + 2OH
–
       (10) 
Total:  2Cu(s) + HS
–
 +H2O → Cu2S(s) + H2(g) + OH
–
 
The corrosion potential (Ecorr) for this process lies between -0.7 VSHE and -0.4 VSHE for 
Swedish/Finnish and Canadian conditions, with lower sulfide concentration leading to a 
higher expected Ecorr.[36–39] The pH will likely be in the range 7-9.[51,52]  
Given the expected conditions, the Pourbaix diagrams predict that mainly S* covers the 
surfaces. However, for both the Swedish/Finnish and the Canadian cases, the region with 
dominating H* also lies within the expected pH and potential ranges. Hence, it is possible 
that the surface has a mixed S* and H* coverage. This is of course perfectly in line with the 
fact that the corrosion potential balances between the cathodic H2-evolution, that passes 
through an H* intermediate, and the anodic copper sulfide production that includes S* as 
transient species.[50] In addition, there are some small differences between the different 
copper facets, where, e.g., H* has a larger stability relative to S* on the Cu(100) facet 
compared to on Cu(110) and Cu(111). We note, in passing, that this might suggest that 
Cu(100) has a larger tendency to be cathode, while Cu(110) and Cu(111) are instead anodes, 
during corrosion. Overall, our data is in close agreement with the Pourbaix diagrams reported 
by Protopopoff and Marcus for polycrystalline Cu un sulfidic media.[53] 
There are also minor differences between the Canadian and the Swedish/Finnish 
environments. The H*/S* preference will not be altered significantly as the stability of both 
H* and S* is expected to directly follow the change in Ecorr since the charging at the interface 
is approximately the same (1/2 ML S* versus ~1 ML H*). However, the enhanced Cl* 
prevalence for Canadian conditions compared to Swedish/Finnish is noteworthy. In the 
former case, Cl* is not expected to outcompete S* at the most likely pH of 7-9, but, in 
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particular on the Cu(111) surface, Cl* is predicted to cover the surface at pH ≥ 9. From this 
one could thus speculate that it is possible that a mixed S* and Cl* phase is preferred also at 
lower pH, however, this analysis is beyond the scope of the present paper. Based on the 
above, it is likely that Cl* to some degree will influence the corrosion behavior of copper in 
the spent nuclear fuel repository environment. The more alkaline conditions, the more 
pronounced will this effect be. 
Finally, the differences between adsorption behavior of the studied anions on the different 
facets of Cu provide a possible explanation to the observed differences between the corrosion 
behavior of copper when exposed to different ionic solutions. In particular, it has been found 
that the corrosion rate and the morphology of the formed Cu2S corrosion film vary largely 
with the dissolved ions and their concentrations.[6,44,45,54] Species adsorbed on the Cu 
surface can promote or inhibit corrosion and film growth. The facet-dependent adsorption 
information provided by the present study may serve as a basis for explaining local effects on 
the observed corrosion behavior.  
 
4. CONCLUSION 
In summary, ionic adsorption/desorption interactions on low-index interfaces of copper 
for application in deep groundwater environments have been studied using a combination of 
cyclic voltammetry and electrochemical DFT. It is demonstrated that the combined 
experimental and computational approach gives an enhanced understanding of the atomic-
level details at the electrified interface between copper and aqueous solutions containing 
sulfide, sulfate and chloride anions. We conclude, in general, that all the studied anions 
replace water/protons at the interface at potentials around and above the reversible hydrogen-
electrode reference potential with slight facet-dependent differences. We can also conclude 
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that sulfide is the dominating adsorbed species at conditions expected in deep geological 
environments, with possible competition of adsorbed chloride and/or hydrogen. The present 
study provides basic insight into the behavior of well-defined copper surfaces of general 
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Figure 1. Overview of the methods. The right figure illustrates the theoretical procedure to 
obtain pH-, U- and concentration-dependent free energies (ΔG) for the interface structures, 
further described in the methods section. Left panels, example of the resulting phase diagram 
in clean water at pH 7 showing free energy versus potential for the H, H2O, OH, and O 
adsorbates. This can be translated to a simulated voltammogram,[5] as a change in the surface 
charge (cf. coverage) leads to a current response. The simulated voltammogram can be 
directly compared to experiment.  
         




Figure 2. A) Computed (DFT-GCHE) prevalence diagrams for sulfide electrolytes as a 
function of the potential. B) The corresponding simulated CV omitting contributions from 
H*. C) Experimentally recorded CVs in a 50 μM Na2S + 0.1 M NaOH electrolyte compared 
to CVs in a NaOH electrolyte. Note that the comparison between experimental and simulated 
CVs is most accurate in the positive sweep direction due to the asymmetric redox peaks. CVs 
for polycrystalline copper and for extended anodic potentials ranges are included in Figures 
S1 and S2. All data obtained at pH 13. 
 
  
         




Figure 3. A) Computed (DFT-GCHE) prevalence diagrams for sulfate electrolytes as a 
function of the potential. B) The corresponding simulated CV omitting contributions from 
H*. C) Experimentally recorded CVs in a 0.1 M K2SO4 electrolyte compared to CVs in a 
NaOH electrolyte. Note that the comparison between experimental and simulated CVs is 
most accurate in the positive sweep direction due to the asymmetric redox peaks. All data 
obtained at pH 9. 
 
         




Figure 4. A) Computed (DFT-GCHE) prevalence diagrams for chloride-containing 
electrolytes as a function of the potential. B) The corresponding simulated CV omitting 
contributions from H*. C) Experimentally recorded CVs in a 10 mM KCl + 0.1 M HClO4 
electrolyte compared to CVs in a HClO4 electrolyte. All data obtained at pH 1. 
 
         




Figure 5. Computed surface Pourbaix diagrams for metallic copper showing the prevalent 
interface phase as a function of the pH and redox potential under Swedish/Finnish and 
Canadian spent nuclear fuel repository conditions. Note that while we estimate a 
(conservative) error margin of 0.2 eV for our methods, the correspondence between simulated 
and experimental CVs in, e.g., Figure 2 indicate a smaller discrepancy. Note, also, that the 
diagrams do not take into account bulk oxidation of copper. 
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Table 1. Representative anion groundwater concentrations in planned Swedish[11,38] and 
Canadian[48] spent nuclear fuel (SNF) repositories.  
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